Combustor inlet pressure and temperature increase as the overall engine pressure ratio increases.
Further, temperature rise and the corresponding exit temperature also increase. This report describes future combustor needs and the technologies required to provide combustors for advanced aircraft engines.
New fuel injectors with large turndown ratios which produce uniform circumferential and radial temperature patterns will be required.
Uniform burning will be of greater importance because hot gas temperatures will approach turbine material limits. The higher combustion temperatures and increased radiation at high pressures will put a greater heat load on the combustor liners. At the same time, less cooling air will be available as more of the air will be used for combustion.
Thus, improved cooling concepts and/or materials requiring little or no direct cooling will be required.
Low emission combustor concepts will have to be developed.
In particular, nitrogen oxides will increase substantially if new technologies limiting their formation are not evolved and implemented.
For example, staged combustion employing lean, premixedprevaporized concepts or rich burn-quick quenchlean burn concepts could replace conventional single stage combustors.
INTRODUCTION
This report describes a research and development program for aircraft gas turbine combustots at the Lewis Research Center.
The main objectives of the program are to provide the technology for higher operating temperature and pressure capability and for low nitrogen oxide (NOx) emissions and to provide numerical computer prediction methods. Increasing the pressure and temperature of a gas turbine engine increases its thermodynamic efficiency and specific fuel consumption.
This benefits direct operating cost as shown in figure 1 (see also ref. 1) (Note that the effect of compressor exit pressure is implied in the compressor exit temperature term of fig. 1 .) The pacing technology for increased pressures and gemperatures is the material limits. Thus, higher operating temperatures and pressures follow the development of higher performance materials. Extrapolations to future engine pressures and temperatures based on historical trends and cycle analysis (private communication with G. Knip of Lewis) are shown in figure 2 .
Increases in the engine pressure and temperature levels affect the combustor in several ways.
First, new fuel injectors with large turndown ratios which produce uniform circumferential and radial temperature patterns will be required. Uniform burning becomes more important because hot gas temperatures are approaching turbine material limits, and since more air will be required for the combustion process, less air will be available for tailoring the combustor exit temper- Open symbols -future ature profile. As the air temperatures and the combustion radiant thermal flux increase, the task of keeping the fuel flowing through the fuel injector within temperature limits becomes more difficult.
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The higher combustion temperatures and increased radiation at higher pressures will put a greater heat load on the combustor liners. At the same time, less air will be available for cooling as more of the air will be used for combustion.
Increased inlet air temperature decreases the heat sink capability of the air used for cooling and makes liner cooling more difficult.
New and improved cooling concepts will therefore be required. The effects of NO x from the subsonic fleet are small compared with the overall problem because airplanes use less than 1 percent of the fossil fuels. However, as the emissions from other sources are reduced, there is increasing concern for controlling the NO x emissions from airplanes.
Several programs at NASA Lewis address these problems.
For small gas turbine engines, a joint program with the Army focuses on developing subcomponent technology for liner and fuel injectors. The technology will be applicable to large engines as well.
Research to control NO x emissions is being done as part of the High Speed Research (HSR)
Program, whose purpose is to develop the technology for an environmentally acceptable High Speed Civil Transport (HSCT).
Of particular environmental concern are the NO x emissions and the noise. The NO x emissions from a HSCT would be particularly harmful because the plane will fly in the stratosphere, where the effect of NOxon ozone is greatest. A reduction by a factor of 10 of the uncontrolled NO x emissions is required to make the plane environmentally acceptable. The technology developed to control the NO x emissions for the HSCT will be applicable (with some modifications) to the subsonic fleet, Another research program at Lewis deals with development of numerical computer models. Until recently combustors have been developed primarily by empirical methods. However, computer models are becoming increasingly more useful in guiding development.
There is great potential in further developing computer codes because of the ever increasing computer speed and storage, which when accompanied by improved solution algorithms and physics, can increase the accuracy and reduce the costs of using the computer models. This is contrasted with the increasing costs of experimental testing, particularly of full-scale hardware.
The remainder of the report describes in greater detail the research on subcomponents, NO x emissions, and computer model development.
SUBCOMPONENT TECHNOLOGY

Fuel Injection and Mixing
Circumferential uniformity is important in preventing the formation of local rich zones and lean zones. Rich zones produce locally high temperatures, or hot spots, which reduce the life of turbine blades, or produce soot, which leads to higher radiant heat load to the combustor liners and to smoke emissions.
Lean zones, particularly at low power conditions, can result in inefficient burning with resultant high unburned hydrocarbons and carbon monoxide emissions. Also, as the rise in temperature across the burner increases, more air is used in the burning process and less air is available for dilution and trimming of the temperature
profile. An increased burner temperature rise results in a higher fuel-to-air ratio at high power.
Thus, if the fuel-to-air ratio at low power is kept constant, the turndown ratio for the fuel injector increases. Another consideration is that as the heat load to the fuel injector increases, the temperature of the fuel in the injector increases if preventive measures are not taken.
Since the fuel temperature in the injector is usually near maximum acceptable levels, any increase in fuel temperature will lead to gum and carbon formation.
Lewis has two projects to address these problems. One is a contract with the Allison Gas Turbine Division of General Motors to develop a fuel injector that improves the spray uniformity (as measured by the resulting burner exit temperature pattern factor), provides for a larger turndown ratio, and keeps the fuel temperature within acceptable limits. Table I When the air-fuel mixture is injected into the combustor, the air expands and shatters the fuel into small droplets.
The resulting drop sizes are plotted in figure 4. A particularly useful feature of the injector is that the drop sizes are not a function of the fuel injector orifice diameter, thus allowing the use of large orifices that will be more tolerant of fouling.
Liners
Higher pressure ratios and turbine inlet temperatures not only increase the engine cycle efficiency, but also increase the severity of the liner thermal environment.
As the combustor temperature increases, more air would be required for liner cooling if conventional film cooling were used. However, as the temperature rise increases, more air is required for combustion, thus leaving less for cooling.
Also, increased pressure ratios increase the air temperature coming into the combustor from the compressor, thus reducing the heat sink capability of the cooling air. Consequently, improved use of the cooling air and/or new liner materials will_ be required. Ceramics that can withstand combustor temperatures without the use of cooling air would be the ultimate material.
However, ceramics are prone to stressfailures induced by th_e:rma-I sh°ck" A jointNASA and Army program makes use of the high temperature capability of ceramicsand reduces the thermal cyclicfatigueproblem by spraying a ceramic on a pliable metal substrate. This compliant metal substrate yields at low stress levels, thereby absorbing the differential expansion that develops between the metal and the ceramic as heat is applied.
The compliant metal substrate was made from randomly oriented fibers which are sintered for strength.
In particular, a Brunsbond Hosklns-875 compliant pad with a Hastelloy X metal substrate was used, and a NiCrAIY bond coat was used between the ceramic and the compliant metal substrate.
Results from an experimental study using the CMC concept (ref.
3) are shown in figure 6. The CMC liner is compared with a conventional splash film-cooled liner (SF) and two other advanced concepts, one a counterflow film-cooled liner (CFFC), and the other a simulated transpirationcooled liner (TRANS).
The CFFC and TRANS configurations used from 40 to 50 percent less air than the conventional SF configuration, and the liner temperatures were 12 percent lower than the SF. The CMC liner coolant flow was 80 percent less than that of the SF, and the liner temperatures were 13 percent lower than the corresponding SF temperatures.
A more recent study done at Allison (ref. 4) under NASA/Army sponsorship confirmed the benefits of the CMC liner concept. Figure 7 compares the performance of the CMC liner with conventional film-cooled liners and advanced CFCC liners on the basis of coolant flow used per unit surface area. On this basis, the CMC liner uses 50 percent less wall cooling than the advanced ..... wall cooling technology.
The burner outlet temperature in this study was 2500°F. The combustor is being modified to reach 3000°F burner outlet temperatures for further CMC liner testing. The pattern-factor for these tests was 0.1_. _:_ _ .....
Couponsi or panels, of advanced ceramic and ceramic matrix liner materials will be tested at Lewis. Figure 8 is a schematic of the test facility Air to liquid mass ratio Housing _ \__
_ Transpiration flow
Metal--,,,
Hot side The disadvantages of the LPP are that it has narrow stability limits and is subject to auto-ignition and flashback. Emission data from the LPP flame tube experiments are given in references 9 to 15.
EMISSIONS
The RQL concept was conceived to control NO x from fuels containing nitrogen.
In a leanburn system, nearly 100 percent of the fuel-bound nitrogen is converted into NO x, whereas in a rich burn system, very little of the fuel-bound nitrogen is converted to NO x. The rich-burn zone can be thought of as a fuel preparation zone. It is followed by quick mixing with the remaining combustion air in the quench zone. And, finally, in the lean-burn zone the burning process is completed at the relatively low temperatures where thermal NO x formation is minimum. For fuels not containing nitrogen, the RQL offers the advantages of low NO x formation and the stability of a rich front end. References 16 to 19 describe the RQL combustor and provide emission data. In the direct injection concept, all the combustion air enters the front end, and the fuel is injected directly into the combustion zone. The fuel-air mixture is lean so that the burning temperature
and NO x levels are low. No dilution air is used for cooling or for tailoring of the temperature profile.
References 20 to 22 describe the LDI concept and provide emission data.
The NO x emissions obtained experimentally were correlated for the three concepts by the adiabatic combustion temperature over a wide range of inlet temperatures, pressures, and (lean) fuel-air ratios (see fig. 12 from ref. 23) . The NO x emission index is an exponential function of adiabatic flame temperature.
There was not a strong effect of inlet temperature;
thus it was not considered an independent variable but is contained in its effect on adiabatic combustion temperature.
No definite pressure effect was noticed.
The NO x are also a function of time at the adiabatic combustion temperature; however, a simple correlation of NO x formation with time was not found.
Comparisons of the three concepts show that the lean-premixed-prevaporized (LPP) concept
produces the lowest NO x emissions. However, the low NO x potential of LPP is offset by the operational disadvantages of its narrow stability limits and its susceptibility to auto-ignition/flashback.
The rich-burn-quick-quench/lean-burn
(RQL) concept has the advantage of good stability because of its rich zone, although variable geometry may be necessary. For example, with the GE data the exit temperature plotted is equal to the inlet temperature plus a temperature rise of 790 K.
For simplicity, the pressure effect is ignored.
The NO x emission levels are approximately an order of magnitude greater for the conventional combustors than for the LPP flame tube combustors.
The reason for this is that in the diffusion flame combustor, the fuel is injected into the primary zone where it is burned at near stoichiometric flame temperatures, then the gas temperature is reduced through the addition of dilution air to the combustor exit temperature.
In the LPP combustor, the fuel is burned in a lean mixture at a much lower temperature, which produces less NO x. Conventional combustors must operate over the entire duty cycle and thus represent a compromise design that can operate efficiently at both low power and high power conditions. Low NO x combustors, such as the LPP, have narrow stability limits and Will not be able to operate over an entire engine cycle. Thus, staged or parallel burners may have to be used. One approach is the RQL combustor with a rich zone for stability and a lean zone for low NO x. Another approach, (compare with the LPP data) are probably due to shown in figure 14, incorporates two burners: The the stoichiometric temperatures and production of first is a pilot stage, designed for maximum stabil-NO x during the quench step. Chemical kinetics calculations show that only a small amount of NO x is produced in the rich zone and that the NO x produced in the lean zone is approximately the same as the LPP.
It is likely that innovative quick-quench mixing schemes can significantly reduce the overall RQL NO x levels. The LDI concept produced nearly the same low levels of NO x as using the LPP concept. A major advantage of the LDI concept is that it has the stability of conventional combustors. Because these results were obtained primarily with gaseous fuels, the challenge will be to produce the same low levels of NO x with liquid fuels.
The NO x emissions from conventional diffusion flame combustors are compared with the LPP combustor NO x emissions in figure 13 . The ity for low power conditions; the second is the main stage, designed for operation at high power conditions.
The main stage burner can then be optimized for low NO x production within its narrow operation range. At low power conditions only the pilot burner is operated, and at high power conditions
the main burner will be fueled with or without the pilot burner fueled.
To implement this program we have in-house and contract activities.
The effort at Lewis consists of experimental flame tube studies of the LPP and RQL concepts.
The LPP experiment is operational and preliminary data have been taken.
The RQL experiment should be operational in the fourth quarter of 1990. A variation of the RQL concept that uses a catalyst in the rich zone will also be evaluated.
The catalyst will lo allow the rich zone to be run at much higher equivalences than the conventional RQL rich zone equivalence ratio of 1.6. At the University of California-Irvine RQL flame tube experiments will be performed in which advanced diagnostics will provide very detailed information on combustion processes.
To take the technology beyond the flame tube stage to the development of combustors, contracts have been recently signed with General Electric, Pratt & Whitney, and Allison.
The goal of this effort will be to demonstrate, by 1995, combustors that reduce NO x emissions by 90 percent from uncontrolled levels.
COMPUTATIONAL METHODS
The development of computational numerical computer models to predict combustor performance is an area of research at Lewis that has great potential benefits.
The advantages of such methods are that they can provide detailed analyses of temperatures and emissions at low cost and with short turnaround times and can be evaluated with actual operating conditions. However, at present, computer modeling of a combustor is a qualitative tool that is time-consuming and expensive and requires experienced personnel to operate. The objective of this effort is to develop and use computer models that will analyze and design combustor components and subcomponents, to understand the physics, and to determine how to optimize the design to improve perfor-mance. The approach is to improve code capabilities for modelling the physics and chemistry and to improve the numerical method of solution and then to use test cases and measurements from experiments for code validation.
Two parallel model developments are being pursued:
One is the modification of a Los Alamos code (KIVA II) developed for intermittent internal combustion engines for use with gas turbines; the other is the development of a model for gas turbine combustors by Carnegie Mellon University under the sponsoreship of Lewis. Figure  15 lists the activities sponsored by Lewis. The activities consist primarily of grid development, spray modeling and fuel-air mixing, and the addition of chemical kinetics to the models. Figure 16 shows the prediction of a swirling fuel spray in a nonreacting air stream using the KIVA II code and a comparison with the experimental results.
The predictions agree very well with the data. Fuel injection and mixing become increasingly important as more air is used for the combustion process and less is available for trimming of the temperature profile to the turbine. Detailed models of the interaction of the swirler and the fuel injector can provide valuable insight into the effect of different variables that presently can only be evaluated experimentally on a global scale.
Much work remains to be done before numerical computer models can be used to model combustors and replace experimental testing. First, to represent a combustor accurately, one hundred thousand to one million grid points are required.
Setting up this grid is time-consuming.
Second, the computational time needed to solve the discretized equations can be very long even on super- 
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